Two-component PIV measurements of a turbulent boundary layer corresponding to momentum thickness Reynolds numbers of 3400 and 6200 were conducted in a water tunnel to study the effects of boundary layer suction on the mean and turbulence statistics of the flow. Previous studies at UT-Austin in collaboration with ARL-UT have shown how modest amounts of suction through a porous two-dimensional slit can significantly reduce the fluctuating wall pressure immediately downstream of the suction slit. This study focuses on understanding to what effect boundary layer suction has on the turbulence structure and its footprint at the fluid structure interface. The findings show a pronounced effect on the flow in three distinct regions. The first is located upstream of the slit where turbulence levels are shown to decay upon reaching the suction slit and in following the mean streamlines. The second occurs immediately after the suction slit where turbulence levels abruptly increase due to collisions of the higher momentum regions of the flow with the wall at the downstream edge of the suction slit. The third region of turbulence activity occurs further downstream where the near wall collisions eventually relax and the boundary layer undergoes redevelopment. This appears to be the case for even small rates of suction.
I. Introduction
The use of boundary layer suction (BLS) to control a flow is certainly not new. Studies date back to the 1950's 1 and continue on through current times. 2 Typical applications are found in problems concerned with low-speed aerodynamic phenomena. For example, by placing suction devices on the surfaces of an airfoil, the boundary layer could be displaced, thereby reducing the surface friction drag while extending the stall angle by several degrees. When designed inappropriately though, the energy required to operate the BLS device can offset the performance gain, thus resulting in a net loss to the system.
In the current study, we focus our attention on using boundary layer suction (BLS) to reduce the fluctuating wall pressure signatures caused by velocity fluctuations in the turbulent boundary layer. As the boundary layer thickness is reduced through suction control, the elements responsible for producing most of the momentum transport are altered. Suction increases the stability and longitudinal coherence of low-speed streaks, even at very small rates of suction. Antonia et al. (1995) 3 have shown that BLS can be used to return the boundary layer to a laminar or quasi-laminar state. For all suction rates studied, they calculated reduced skin friction coefficients and root mean square velocity profiles for up to 20 boundary layer thicknesses downstream of the suction device. Numerical studies have shown turbulence and shear stress reductions of up to 36% 2 coinciding with significant reductions in the wall pressure spectra. Narayanan et al. (1968 Narayanan et al. ( ,1969 4, 5 observed that the wall region of the flow adjusts to laminar conditions earlier than the outer region. Since the wall region is believed to contribute to the pressure signature at smaller scales, higher frequencies, this may indicate that low levels of suction have a greater effect on the high frequency content.
Measurements of the boundary layer using a two camera (2-component) PIV system are conducted in order to understand the effect BLS has on fluctuating wall pressure beneath a turbulent boundary layer.
II. Facility and Instrumentation
The current research was conducted in an Eidetics model 1520 closed-circuit water tunnel located in the Aerospace Engineering and Engineering Mechanics Department at The University of Texas at Austin. The test section and upstream contractions were modified by installing a 2-D streamlined, instrumented insert into the test section to produce up to 1.64m/s (3.2 knots) core flow through a 152cm x 40cm x 10cm (L x W x H) test section. This instrumented insert was designed to ensure the development of a 2-D turbulent boundary layer over an embedded array of hydrophones. A boundary layer suction device (BLS) was mounted to the instrumented insert using PVC piping to redirect flow from the suction device back into the water tunnel upstream of the flow straighteners. An illustration of the water tunnel with instrumented insert and boundary layer suction device is shown in figure 1. Boundary layer suction occurred through an aluminum strip with 92% porosity (40 pores per inch) that measured 1.27cm and 11.9cm in the streamwise and spanwise directions, respectively. An illustration of this is shown in figure 2a. The spanwise length of the porous strip was selected in order to minimize three-dimensional effects from forming over the hydrophone (positioned downstream of the suction slit). Likewise, the insertion of a porous medium at the fluid/structure interface was intended to provide some flow resistance in order to improve the uniformity of the suction across the slit. This was assessed by performing LDV surveys of the streamwise velocity across the span of the test section in the vicinity of the hydrophone array and suction slit. Half profiles of this are shown in figure 2b for Re θ = 4300 and with the maximum amount of suction possible; three-dimensional effects eventually prevail but do not form until z/δ = 2 from the hydrophone array.
An illustration of the piping system used to create the boundary layer suction is shown in figure 3 and was designed to minimize vibrations produced by the BLS device pump. Suction was achieved using two constant-flowing, wet-bearing, water-garden pumps (labeled pump 1 and pump 2) capable of delivering up to 60 gallons per minute (GPM) each (120GPM total-assuming no head loss). These pumps were installed in a parallel configuration. Flow rates through the suction surface were monitored by way of a TM-series (TM-150-N) flow meter that ranged between 10 and 100GPM at an accuracy of ±3% full-scale (digital display). The rate of flow through the suction surface was regulated by throttling the primary suction flow using ball valve-2 along with a bypass stream of water that was throttled using ball valve -1. Given the head loss through PVC piping, a maximum flow rate of 38GPM could be achieved through the porous aluminum surface. 
III. Instrumentation

A. Particle Image Velocimetry
The two primary instruments used in this study were a 20 element hydrophone array and a 2-camera, 2component PIV system. ). The dissipative scales for the range of Reynolds numbers investigated is estimated to be around 10 5 Hz, thus suggesting that the particle response time is low-pass filtering the dissipative motions of the flow. Albeit the filtered portions of the turbulence spectrum corresponding to the dissipative scales were estimated and found to be too inconsequential for there to be any noticeable impact on the accuracy of these measurements. PIV cameras were arranged side by side to capture to the x, y components of the flow. Misalignment between cameras was corrected by correlating the velocity measurements from camera 1 with the measurements from camera 2 in regions where the measurement windows overlapped. Figure 4a is a sample two-point correlation of overlapping images from the two separate cameras. The correction was found to be uniform to within ±1mm across the entire measurement window. The accuracy is probably better, but is based on a peak identification routine which is limited by the discretization of the PIV grid. The results of this are shown in figure 4a for Re θ =6200. Two samples are shown corresponding to correlations centered at (x, y)/δ • = (1.03,0.46) and (x, y)/δ • = (1.42,0.20). These correlations provide some insight into the scale of the turbulent structures passing through these two regions of the flow.
Contours of the streamwise velocity component are shown in figure 4b for the Re θ =3900 (top) and Re θ =6200 (bottom) conditions. Both contours have been normalized by their respective freestream velocities with contour levels corresponding to U (y)/U ∞ = 0.80, 0.85, 0.90 and 0.95. The uppermost level corresponds to 0.99U ∞ and is overlaid a 1/7 power law approximation that assumes a virtual origin at X = 0.97m and 1.2m for the Re θ =3900 and 6200 conditions, respectively. The boundary layer thickness is measured above the first element on the hydrophone array (δ • ) in order to make a direct comparison to the LDV measurements of Dolder et al. (2011). 6 Additional lines (dashed) have been drawn that enclose the PIV camera overlap region as well as the location of the suction slit and hydrophone array. 
B. Pressure transducers
The fluctuating wall pressure beneath the turbulent boundary layer was measured using a custom fabricated 20 piezoelectric ceramic (PZT) element hydrophone array mounted flush with the top surface of the instrumented insert. This array was designed and fabricated by in-house technicians at the Applied Research Laboratories at The University of Texas at Austin (ARL:UT). An illustration of the basic design is shown in figure 5a identifying its principal components. The inter-element spacing was 2.15mm while the size of the sensing area was 1.65mm and 2.0mm in the streamwise and spanwise directions, respectively. An image of the hydrophone installed in the instrumented insert is shown in figure 5b and measured 47mm (1.85in) in length. Eight PCB model 422E11 in line charge amplifiers were used in conjunction with the hydrophone array and were powered by a constant current source supplied by a National Instruments PXI-4472, 8-channel dynamic signal acquisition module. Eight of the 20 available channels were sampled uninterrupted for 60 seconds at a rate of 20kHz and then analyzed in blocks of 8192 samples per block. 
IV. Scaling Variables for Flat Plate Turbulent Boundary Layers
Two regions in the flow are selected to determine inner and outer scales. The first is located at the origin (at x/δ • = 0) whereas the second is located over the first element on the hydrophone array (x 2 = 110mm). Freestream velocities were held constant at U ∞ = 1.23m/s and 1.61m/s and were chosen to overlap the flow conditions of Dolder et al.(2011) 6 (between 0.89m/s and 1.64m/s). Mean and local turbulence intensities are shown in outer coordinates in figure 6a and b, respectively, along with the LDV measurements of Dolder et al. (2011) . 6 The boundary layer thickness, δ, and momentum thickness, θ, were estimated from these profiles and are listed in table 1. Subtle differences between the PIV and LDV measurements are observed below y/δ • = 0.5. It is postulated that these differences are attributed to a subtle difference in the alignment of the instrumented insert between the time that the LDV and PIV measurements were acquired. The effect is most pronounced in the mean profile which ultimately influences the turbulence profile; turbulence levels are normalized by the local mean value.
As for the inner scales, these were determined from the well known logarithmic law of the wall (loglaw) expression while using classical Karman and additive constants κ = 0.41 and B = 5.2 to solve for u τ . A comparison between the LDV measurements of Dolder et al.(2011) and the current PIV data is shown in figure 7 . The smallest resolvable y + position that could be measured by the PIV occurred at y + = 15.6, and has been identified by a dashed line in figure 7 . The PIV profiles appear to collapse reasonably well in the log-law region, but fail to show any reasonable trend in the inner regions of the flow (y + < 100); a y + value of 100 corresponds to y/δ • = 0.073. This is attributed to laser blooming effects which could not be completely removed even after coating the surface of the instrumented insert (where PIV measurements were conducted) with an orange fluorescent paint. Values for the friction velocity were found to be u τ = 0.047, 0.047, 0.058, 0.057 [m/s] for Re θ = 3400, 3900, 5100 and 6200, respectively. Given the lack of any reliable measurements in this region of the flow (the inner region), these estimates are considered crude. Nevertheless, the motive of this study is to understand the global effects of boundary layer suction on the fluctuating wall pressure due to a reduction in the salient large scale features of the flow, and so, these measurements are satisfactory.
A. Fluctuating Wall Pressure
PSDs of the fluctuating wall pressure are shown in figure 8 for uncontrolled flow conditions ranging between Re θ = 2100 and 4300. These pressure spectra illustrate two distinct features: (1) a low frequency hydrodynamic hump followed by a steep roll-off and (2) a high frequency region of relatively flatter harmonic behavior. Noise in the form of high frequency peaks are associated with structural vibrations, acoustic reflections in the tunnel (e.g. noise from the pump and piping system propagating into the test section) and electronic noise from the hydrophones. Two primary trends can be observed in figure 8a; both the amplitude and the frequency of the peak spectral energy increase with Reynolds number. In figure 8b, the spectra have been scaled with outer variables. In doing so, both the amplitude and frequency of the hydrodynamic hump corresponding to the flow events responsible for driving the fluctuating wall pressure are shown to collapse reasonably well. 
V. Controlled Flat Plate Turbulence Analysis
A series of investigations focused on the effects of adding BLS upstream of the hydrophone array were conducted for the same range of Reynolds numbers based on scaling variables obtained from the uncontrolled studies. For each Reynolds number, six control cases were explored by setting the volume flow rates through the suction device to 10, 20, 25, 30, 35 and 38GPM. Suction severity is measured by the ratio of the momentum flux removed by the suction device to the incoming momentum flux from the boundary layer, 3 and is shown as follows,
where v w is the normal suction velocity through the wall, b is the streamwise dimension of the suction device, U ∞ is the free stream velocity, and θ s is the momentum thickness over the suction device in the absence of suction. The momentum thickness is used in (1) because it is an experimentally consistent metric as opposed to the displacement thickness δ, which is very susceptible to experimental error. Massive suction refers to the removal of the entire boundary layer and occurs when ξ ≈ 10, (assuming that δ ≈ 10θ in this study) which is denoted by ξ max . For the present calculations θ s is taken to be θ 0 -measured above the first pressure element (see table 1), since the first pressure element is close to the suction device and the streamwise growth of the momentum thickness is negligible over the length of the hydrophone array. The resulting suction severity cases are provided in 
A. Effects of BLS on the velocity field
Contours of velocity magnitude: U = (U 2 + V 2 ) were generated by stitching together both PIV camera images and are shown in figures 9 and 10 for the Re θ =3900 and 6200 conditions, respectively for the 10GPM, A more useful metric for understanding the effects of boundary layer suction on the fluctuating wall pressure is the turbulence kinetic energy (TKE). Given the arrangement of the PIV system, the TKE is confined to contributions from u and v which we choose to define as:
Contours are shown in figures 11 and 12 corresponding to Re θ =3900 and 6200 conditions, respectively. Like the velocity magnitude contours, streamlines of U and V component velocities overlay these TKE contours. For all control conditions studied, the BLS is shown to have a distinct effect on three regions in the flow. The first is located upstream of the slit where the turbulence levels are shown to decay upon reaching the suction device. The rate of decay follows along the same streamlines of the mean flow. The second effect occurs immediately downstream of the suction slit where turbulence levels are shown to now increase. Immediate increases in the turbulence energy in this region are caused by the collision of the higher momentum regions of the flow with the wall. As for the third region, this is located further downstream where the increased turbulence levels immediately downstream of the suction slit eventually relax. This appears to occur even with small rates of suction. The relaxation of the turbulence levels downstream of the suction slit is consistent with trends observed by both Park and Choi (1999) The overall effect of suction is shown to reduce the low-frequency energy corresponding the hydrodynamic hump. A comparison between all four suction rates against the base condition is shown in figure 13d and 14d for the two Reynolds number conditions. The change in amplitude between the base (uncontrolled) case and ξ = 0.91 is significant with upwards 33% reduction in the peak frequency band. Between ξ = 0.91 and ξ = 2.29 the reduction reduces to 25% of the base condition. The last two suction rates show a negligible improvement in the reduction of the hydrodynamic energy between the two cases.
The pressure variance of the first element on the hydrophone array is shown in figure 15a for both Reynolds number conditions and suction intensities up to 38GPM. A clear trend is illustrated which is complementary to the power spectral densities. For both Reynolds number conditions studied, the effect of suction eventually reaches a point of diminishing return around 20-25GPM, where increased suction provides little to no benefit on the signal-to-noise ratio of the hydrophone. An effort is made to remove the Reynolds number dependence by scaling the pressure variance by outer scales of the uncontrolled case. This was found to be effective in collapsing the pressure power spectral density shown in figure 8b. This scaling is shown in figure 15b versus non-dimensional suction severity. A clear trend is manifest, which also asymptotes to a relatively flat behavior. Further investigation into the trend should include scaling of the corresponding pressure variance by the changing momentum thicknesses for each suction case in an attempt to extract more pronounced asymptotic behavior. 
